In this study, various wood material sources were used for the manufacture of wood-polymer composites (WPC). The materials were categorised as virgin wood particles (VWP), reprocessed WPC particles (RWP) and recycled thermoset composite particles (RCP) and derived from two virgin wood sources, three-layer particleboards, medium-density fibreboards (MDF) boards, or two different wood/polypropylene composites. All produced wood-polypropylene compounds contained 60% wood material and were manufactured using a co-rotating extruder. Malleated polypropylene was used as a coupling agent. Specimens were injection moulded and subsequently tested for their physico-mechanical properties. To characterize particles before and after processing, dynamic image analysis (DIA) measurement were performed. Additionally, X-ray micro-computed tomography (XµCT) was used to characterize the internal structure of the composites and to verify the obtained particle's characteristics. It was found that length and aspect ratio of particles were remarkably different before and after processing (loss in length of 15-70% and aspect ratio of 10-40%). Moreover, there were notably differences between the particle sources (RCP retained the highest length and aspect ratio values, followed by VWP and RWP). The results suggest that increased aspect ratios can indeed significantly improve mechanical properties (up to 300% increase in impact bending strength and 75% increase in tensile strength, comparing WPC based either on virgin spruce or MDF material). This phenomenon is suggested to be partially superimposed by improved dispersion of particles, which is expected due to lower variance and increased mechanical properties of RWP composites. However, no notable alterations were observed for composite density. Reprocessed WPC and, particularly, RCP material have proved to be an appealing raw material substitute for the manufacturing of wood-polymer composites.
Introduction
In the last decades, wood-polymer composites (WPC) have emerged as one of the most promising class of hybrid composites. The broad segment of products ranges from building products, for example, deckings and claddings, to infrastructure and transportation. The performance of WPC is affected by wood content, applied process and additives [1, 2] . The interfacing of both industries appeared to be beneficial and challenging as these industries have very different knowledge, expertise, manufacturing processes and perspectives [3] . In recent years, the market for WPC has steadily grown driven by the development of innovative and advanced concepts regarding product design, manufacturing technology, marketing strategies and the utilization of alternative raw materials [4] . For the manufacturing of WPC, by-products from the timber and timber-based industry are mostly used. These sources contain commonly softwood such as pine and spruce. With regard to changes in policy and concepts currently applied in silviculture in Germany, the availability of softwoods is decreasing [5] . For example, the support of sustainable biomass energy and new forestry concepts with focus on deciduous trees, lead to a raising demand on existing raw materials. In other words, these concepts lead to a further increase in pricing of these raw materials [6] . This trend will induce additional thoughts regarding the use of other materials (e.g., beech wood) available and cascade use in the near future.
One solution to encounter the up-coming scarcity of virgin softwoods it is suggested to be the utilization of recycled material sources, including both recycled polymers and wood for WPC manufacturing. Nonetheless, nationwide recycling systems are still missing, in-house reprocessing on side is already performed by several WPC producers. In case of in-house reprocessing, monitoring their own waste streams is easy, production costs can be reduced and a sustainable resource utilisation can be established. In regard to polymers, studies revealed that the performance of WPCs based on recycled polymers, particularly from isotactic polypropylene and high-density polyethylene, are only inferior to those of WPC based on virgin polymers [7] . As indicated by Winandy [8] , many WPC companies in the United States use recycled polymers and also reprocess their own material. Apart from recycled polymers, recycled wood products and fibre material sources have shown that they also could be a valuable raw material source. Besides post-consumer wood pallets [9] and wooden poles [10] , lignocellulosic fibres from newspapers, old corrugated containers [11] [12] [13] and thermomechanical pulp fibres [14] are considered to be valuable material sources for WPC. Other studies revealed the feasibility of particleboard [15] and fibreboard material [16] for wood-polypropylene composites. Especially the latter materials are of major interest as over 93 million m 3 of particleboards and 97 million m 3 of medium-density fibreboards (MDF) were produced around the world in 2016 [17] . The latter material is of major interest, particularly as the commercial MDF production just began in 1965 and 1973 in USA and Europe, respectively. Besides the well-studied recycling potential of particleboard materials, however, there is, to date, no commercially accepted method to recycle MDF [18] . Therefore, the material is burnt or stockpiled [19] . As estimated by Mitchell and Stevens [20] and Irle et al. [19] between 18% and 25% of the MDF board production volume is converted to waste in the form of off-cuts, machining errors, transport and storage losses only during the first year.
Teuber et al. [21] stated that under consideration of environmental issues and the scarcity of nationwide recycling systems, WPC can contribute to a sustainable use of raw materials and cascade utilisation. In this regard several studies indicated that environmental (e.g., by chemical modification, impact modifier etc. [22] ), life cycles impacts (e.g., by the extrusion process, used additives etc. [20, 23] ) and, therefore social acceptability and health concerns [24] would also need to be addressed. In comparison to solid wood, WPC reveals environmental burdens as the carbon dioxide impact of processing WPC is higher than of the processing solid wood [25] [26] [27] . Nonetheless, WPC is indicated to be an eco-friendly alternative in comparison to neat polymers, particularly when recycling materials and biopolymers are used [26, 27] . In case of biopolymers, their eco friendliness is still point of controversy discussions based on several life cycle assessment studies stating the effect on various impact categories or the lack of available data for new polymer materials [28, 29] . For example, Yates and Barlow [28] indicated that the environmental impacts in several impact categories (e.g., intensive agricultural land use) are often higher for biopolymers in comparison to petrochemical plastics, although further improvements for the environmental profile of biopolymers can be expected.
From a material point of view, the reprocessing and reuse of recycled materials provide a great opportunity for producing new materials with comparatively enhanced properties. Nevertheless, several constraints have to be considered (e.g., thermal and oxidative degradation, polymer chain scission and decrease of molecular weight, wood particle/fibre degradation) towards using alternative material sources or exposing the material to several reprocessing cycles [30] [31] [32] [33] [34] .
With regard to the wood materials utilized for the manufacture of WPC, the initial material can be classified as fibres or particles regarding their size and morphology. A number of studies demonstrated that the size and morphology strongly influence the physico-mechanical properties of WPC [35] [36] [37] . By using wood material with a decent aspect ratio, the properties are expected to improve [38] . However, length and aspect ratio of fibres or particles are often severely reduced during processing and thus no improved mechanical properties can be obtained [30, 31, [39] [40] [41] [42] [43] . In order to consider reprocessing WPC, other raw material sources, or a multiple material utilization, we need to gain further knowledge about particle characteristics and the structural properties of WPC. When it comes to the study of the internal structure of WPC, imaging techniques (e.g., light and electron microscopy) are usually used. These techniques have obstacles because they are restricted to 2D observations and are destructive in nature. To examine the actual and three-dimensional (3D) structure of WPC, X-ray micro-computed tomography (XµCT) revealed to be a valuable tool for structural examinations [44] . For the characterisation of extracted particles from WPC composites, 2D image analysis-based measurement like dynamic image analysis (DIA) are used.
In regard to alternative wood sources for the manufacture of WPC, the effect of different raw material sources on physico-mechanical properties of WPC is aimed in this study. Therefore, different raw material types (VWP: virgin wood particles; RWPs: reprocessed WPC particles; RCPs: recycled thermoset composite particles) were used. Apart from physico-mechanical properties, we examined the structural properties of these WPC. We assume that the physico-mechanical properties of WPC made of reprocessed materials improve due to structural homogenization. Furthermore, we hypothesize that the adhered resin residues of the recycled composite materials may increase the adherence to the polypropylene matrix. Apart from material properties, we assume that there are major differences in particle size between the material sources and due to processing. Therefore, we aim to contribute to refine the understanding of WPC and the utilization of alternative raw material sources by:
•
Examining various raw material sources, such as virgin wood, reprocessed WPC, particleboard and MDF board material, for wood-polypropylene composites • Quantifying the development of particle characteristics before and after processing through DIA and XµCT • Visualising the internal composite microstructure and particle characteristics through XµCT imaging • Identifying the effect of altered particle characteristics on physico-mechanical properties
Materials and Methods
For the production of WPC, isotactic polypropylene (PP) Sabic 575P (Sabic Europe, Sittard, The Netherlands) was used in this study. Licocene PP MA 7452 TP (MAPP; Clariant SE, Mutterz, Switzerland) was used as coupling agent. Three materials types were used as fillers: virgin wood particles (VWPs), reprocessed WPC particles (RWPs) and recycled thermoset composite particles (RCPs). As listed in Table 1 , two different particle sources were selected for every particle type. As virgin wood particles (VWPs), we used either spruce (Picea abies (L.) Karst.) or beech wood (Fagus sylvatica L.). As reprocessed WPC particles (RWPs), we used the manufactured WPC materials, respectively. As recycled composite particles (RCPs), we used either material derived from particleboards or MDF boards.
As particleboard (PB) material, we used three-layer particleboards (n = 10) with a density of 650 kg m −3 , a thickness of 15 mm and adhesive contents of 10% in the surface layer and 8.5% in the core layer based on oven dry weight of particles. All PBs were produced from mixtures of 60% beech and 40% spruce wood particles. Beech wood chips were used in the core and spruce particles in the surface layer with an amount of 60 and 40 weight percent, respectively. The urea-formaldehyde adhesive, Kaurit 350 (BASF, Ludwigshafen, Germany) was mixed with 3.5% (based on solid adhesive mass) ammonium sulphate as a hardener. The adhesive was applied in a rotary drum, using a spraying nozzle to assure homogeneous adhesive distribution. The rotary drum was operated at 30 rpm. The particles were hand spread into a mould (450 × 450 mm 2 ) and subsequently cold pressed to enhance the rigidity of the mat. Thereafter, the mat was pressed at 200 • C and 200 bar for 15 s mm −1 in a hot-press (HP-200 Lab, Joos, Pfalzgrafenweiler, Germany) using stops to ensure a target thickness of 15 mm. As MDF input material, we used MDF boards (n = 10) with a density of 800 kg m −3 , a thickness of 16 mm and adhesive contents of 12% (UF, Kaurit 350). The MDF boards were supplied by the Fraunhofer Institute for Wood Research (WKI, Braunschweig, Germany). For the production of the MDF fibres, peeled beech logs with a high amount of multi-coloured heartwood were used. All PBs and MDF boards were conditioned at 20 • C and 65% RH for 28 days before further processing.
For the production of WPC, all particles were prepared in two steps using a hammer mill with a prior aperture size of 15 mm followed by an aperture size of 1 mm. Debarked panels of Norway spruce and European beech were used as virgin wood source, respectively.
WPC Manufacturing Process
The respective particle type (VWP, RWP, RCP), polymer and coupling agent were compounded to granulates at 170 • C mould temperature using a Leistritz MICRO27GL/GG40D co-rotating twin-screw extruder (TSE) (Leistritz Extrusionstechnik GmbH, Nürnberg, Germany) with two gravimetric feeders (Brabender GmbH&Co. KG, Duisburg, Germany) and a hot-cut pelletizer. A screw design with well distributed kneading elements (design A) was used [45] . The TSE is equipped with 10 heating barrels. The temperature profile ranged from 150 • C to 180 • C. The die temperature was 145 • C. The mass temperature at the 4-point die ranged between 140 • C and 145 • C. The screw rotating speed was adjusted to 80 rpm, resulting at a throughput of 3.5 kg h −1 . For pelletization, a hot die-face system was applied with a rotating cutting knife at a velocity of 300 rpm. All compounded formulations were injection moulded in an Arburg Allrounder 320 C (Arburg GmbH + Co. KG, Loßburg, Germany). A 2 + 2 multi cavity tool was used for the production of specimens. Two bending specimens (80 × 10 × 4 mm 3 ) and two tensile dog bone shaped tensile specimens (type 1A) were produced with each injection moulding cycle, respectively. In total, fifty specimens of each formulation were processed according to the requirements of testing. The injection moulded pressure ranged between 1400 bar and 1900 bar at a temperature of 185 • C.
Particle Separation
For particle characterisation via dynamic image analysis (DIA), particles were separated from the injection moulded polypropylene matrix via Soxhlet extraction in hot xylene for 10 h. The separated particles were dried for 48 h at 103 • C to remove excess solvent and moisture. Unprocessed particles underwent concurrently the same extraction process to exclude any effect of the extracting method on particle characteristics. Their length and aspect ratio were compared to the initial particle values.
Dynamic Image Analysis (DIA)
Particle length and aspect ratio were examined by using dynamic image analysis (DIA). The analyser (QICPIC, Sympatec GmbH, Clausthal-Zellerfeld, Germany) was connected to a vibrating chute (VIBRI) and a particle disperser (RODOS). The particles were dispersed in air and transported in a laminar air stream passing a laser light and an optical detector. The detector was able to collect a 2D-image of every particle between 5 µm and 5000 µm. Each particle was analysed using a skeletonization algorithm determining the shortest distance between the farthermost endings to calculate the particle length (LEFI). The projected area of the particle was divided by the total length of the skeleton sections, which coincides with the particle diameter (DIFI). All particles were classified into 50 length classes. Aspect ratios (AR) were calculated for each class by the division of mean LEFI and mean DIFI. Particle distribution was calculated by relative amount of each class and summarized cumulatively based on particle length (Q1).
X-ray Micro-Computed Tomography (XµCT)
Three samples of each composite were analysed using X-ray micro-computed tomography (XµCT) imaging. The lab-based XµCT device Nanotom ® s (GE Sensing & Inspection Technologies GmbH, Wunsdorf, Germany) was used to image the samples at 70 kV and 180 µA and an isotropic voxel size of 5 µm. The actual three-dimensional (3D) datasets were reconstructed using Datos 2.0 software (GE Measurement & Control, Billerica, MA, USA) and further processed with Avizo Fire 9.2 software (Thermo Fisher Scientific, Hillsboro, OR, USA).Virtual slices were visualized close to the centre of the 3D reconstructed model to illustrate the internal structure of the following two regions:
In-plane view or xz-plane view-virtual slice parallel to the melt flow.
2.
Orthogonal view or xy-plane view-virtual slice perpendicular to the melt flow.
In addition, a 3D volume of RWPs (blue) and RCPs (red) has been isolated for closer inspection to highlight the spatial organization of the woody components. Three region of interest (ROIs) were selected in every sample with a size of 9800 × 3800 × 2500 µm 3 . Each ROI was analysed concerning the average grayscale values of X-ray attenuation. Based on the X-ray attenuation, different phases (air, polymer and wood) were extracted from the XµCT data by thresholding and a marker-controlled watershed algorithm using defined foreground and background regions [44] . The watershed algorithm generates a topographical map from the image gradient and therefore identifies catchment basins and watershed ridge lines. The obtained values of the selected ROIs per sample (n = 9) were averaged and treated as homogenous group. For particle characterization, the feret diameter was applied. The feret diameter represents the distance between parallel tangents on the opposite of the image of randomly oriented particles [46] . Particle length and width were determined using the maximum and minima of the feret diameter, respectively. The aspect ratio was calculated by dividing the Feret Max by Feret Min .
Physico-Mechanical Properties of WPC
Tensile strength and tensile modulus of elasticity (tMOE) were determined according to DIN EN ISO 527-1 (2012) [47] (n = 10), using a crosshead speed of 2 mm min −1 . Flexural strength (MOR, modulus of rupture) and flexural modulus (fMOE) were tested according to EN ISO 178 (2010) [48] (n = 10). For these tests, a Zwick/Roell universal testing machine (ZwickRoell GmbH & Co. KG, Z010 Allround Line, Ulm, Germany) was used. Unnotched impact bending (Charpy) was performed according to EN ISO 179-1 (2010) [49] by using a Ceast, Resil Impactor (pendulum energy 1 J, n = 10). Density was determined according to EN ISO 1183-1 (2013) [50] (n = 5) using the immersion method. Prior to testing, all samples were conditioned in a climate chamber at 20 • C and 65% RH for 28 days.
A Kolmogorov-Smirnov normality test was carried out using Excel 2016 (Microsoft, Redmont, WA, USA) to confirm a normal distribution of the experimental results. For the normal distributed sample sets a two sample unequal variance (heteroscedastic) t-test was used to evaluate significant differences.
Results

Internal Structure and Particle Characterization
The results from the particle measurements are illustrated in Table 2 , giving the particle length and aspect ratio of the examined samples. Each sample can be identified by their SID. The results are clustered by raw and extracted particle sources, whereby, the raw particle values have to be seen as initial values before processing. In addition, the samples are clustered by particle type. Particle length and aspect ratio are presented for the 10, 50 and 90 quantile (X 10 , X 50 , X 90 ) of the length-based distribution. Between the various samples, particle length and aspect ratio were found to be noticeably different. Due to processing, altered particle characteristics are shown between raw and extracted particle sources. Length and aspect ratio reductions are clearly visible across all quantiles: mean length is reduced up to 60%. Reprocessing of WPC further reduces particle length and aspect ratio within all quantiles: mean length is reduced by up to 44%.
Comparing the different particle types, RCP particles exhibited higher aspect ratios compared to all other particle sources. Regarding the two RCP sources, MDF and particleboard particles differed notably. Depending on the quantile, considerably higher aspect ratio values are observed for MDF sources for both initial and extracted particles. By example, the mean values for extracted MDF and particleboard particles were 3.8 and 2.8, respectively.
The XµCT images in Figure 1 visualizes the internal structure of the composites. Through XµCT, we were able to qualitatively and quantitatively analyse the particles/fibres in WPC, regarding their size, morphology and their spatial alignment. Regarding the images of the material composition, the air fraction is visualized in black, while wood particles and polypropylene matrix were marked in light grey and dark grey colour, respectively. High absorbing particles are highlighted in a bright white colour. In order to visualize the spatial structure of wooden components, the largest 10% of wood particle/fibres were highlighted within an isolated 3D volume in red (RWPs) and blue (RCPs), respectively. XµCT imaging revealed that wood particles were present in all composites and particles/fibres were diverse in size, morphology and their spatial alignment (see Figure 1) . We qualitatively observed that wood particles appeared to be dispersed homogeneously within all analysed composites. However, no model approach was applied for estimating and evaluating the quality of particle dispersion. An enriched layer of polymer was observed at the surface of all composites. Close to the surface, the particles were spatially aligned along the melt flow. Within the core layer, the particles were aligned perpendicular to the melt flow. The particle material were mostly wood fibre bundles and occurred frequently in all composites. In addition to the clearly depicted fibre bundles, we also observed single fibres, wood particle fragments and small particle agglomerations. Besides the wood particle characteristics, we observed the typical anatomical features within the fibre bundle XµCT imaging revealed that wood particles were present in all composites and particles/fibres were diverse in size, morphology and their spatial alignment (see Figure 1) . We qualitatively observed that wood particles appeared to be dispersed homogeneously within all analysed composites. However, no model approach was applied for estimating and evaluating the quality of particle dispersion. An enriched layer of polymer was observed at the surface of all composites. Close to the surface, the particles were spatially aligned along the melt flow. Within the core layer, the particles were aligned perpendicular to the melt flow. The particle material were mostly wood fibre bundles and occurred frequently in all composites. In addition to the clearly depicted fibre bundles, we also observed single fibres, wood particle fragments and small particle agglomerations. Besides the wood particle characteristics, we observed the typical anatomical features within the fibre bundle structures.
Vessel and tracheid elements were clearly observed in WPC and reprocessed WPC, respectively, whereas these structures appeared to be partially filled with polymer. In addition to the anatomical features, we noticed high absorbing particulates within the RCP composites. In contrast to all other composites, the MDF composites revealed a high amount of thin particles/fibres and fewer enlarged fibre bundles. Overall, it needs to be noted that particle structures below 20 µm were hard to separate from the surrounding matrix.
After phase separation and binarization, the composition and particle microstructure of the wood-polymer network were analysed. We quantified the phase fractions per volume (polymer, wood and void space) and length and aspect ratio of wood particles. For each composite, the results are listed in Table 3 . The accounted average length of particles were notably greater than the obtained length of particles after extraction. Through XµCT, the obtained mean length of particles were 362 to 410 µm. The total amount of particles were 1534 to 2025 per sample. The average aspect ratio were 2.6 to 7.5. It is evident that the obtained values for MDF WPCs are highest, while for all the other composites aspect ratio is nearly reduced by half. The average void fractions were between 0.16% and 0.62%. For most of the composites, void space were obtained both in the core layers surrounded by polymer and within larger particle/fibre bundles. The latter was primarily observed for the RWP composites. The average size of voids were 20 µm in size. The obtained average volume fraction of wood material ranged between 56.4% and 58.9% within the manufactured composites. Moreover, high absorbing particles were detected and partially present within both RCP composites. For the WPC (PB), the particles amounted up to 1.1% in volume and 500 µm in size, whereby for the WPC (MDF), the particles amounted up to 0.3% in volume and 100 µm in size.
Physico-Mechanical Properties
The results for all experiments investigating the physico-mechanical properties of the manufactured WPCs can be found in Table 4 . For a simplified comparison, unnotched impact bending strength and tensile strength versus modulus of elasticity are illustrated in Figures 2 and 3 .
For all composites, there is a notable improvement in mechanical properties when WPC is reprocessed or RCP sources were used. In the case of composites based on MDF, the effect of improvements are far more pronounced than for all other composites. They provide higher tensile, flexural (MOR) and unnotched impact bending strength: compared to VWP composites, impact bending is tripled in case of WPC (MDF). The elasticity of composites is increased strongly upon the use of RCP, such as MDF, or beech wood particles. All composites exhibited comparable density values. Figure 2 shows the results for unnotched charpy impact bending strength of the manufactured WPC specimens. The boxes are defined by the 25th and 75th percentile. The results reveal the pronounced effects of reprocessing and the utilization of RCP sources. With regard to reprocessing, significant differences between the VWP WPC and RWP WPC were observed: impact bending values increased up to 60% after reprocessing. In case of RCP materials, significant differences between PB and MDF based WPC were observed: impact bending values increased 33% when MDF were used. significant differences between the VWP WPC and RWP WPC were observed: impact bending values increased up to 60% after reprocessing. In case of RCP materials, significant differences between PB and MDF based WPC were observed: impact bending values increased 33% when MDF were used. It is evident that the obtained values for both VWP composite clusters are clearly varying. Reprocessing of composites resulted in notable lower variance and increased tensile strength values. The RCP composites revealed increased tensile strength and comparable clusters as the RWP composites.
Discussion
The following sections discuss the results and effects of various wood material types (VWP, RWP and RCPs) on particle characteristics, internal composite structure and physico-mechanical properties of WPC. One key focus was to examine and evaluate the altered particle characteristics due to processing. The aim of reusing wood material sources (i.e., thermoplastic or thermoset wood based composites) is to provide a multiple material utilisation of material sources and by-products from manufacturing processes.
Internal Structure and Particle Characterisation
Besides other factors (e.g., particle dispersion, orientation and matrix adhesion), particle length and aspect ratio are major factors effecting the reinforcing efficiency of fibrous lignocellulosic particles in the polymer matrix. In accord with previous studies on wood particle/fibre degradation due to processing [44, 45, 51, 52] , length and aspect ratio of particles are remarkably reduced by extrusion and injection moulding. In our study, however, we obtained retained particle length and aspect ratio values after extracting the particles from the polypropylene matrix. The mechanical results indicate that retained particle length and aspect ratio led to improved properties. Along with the changed particle characteristics, we revealed notable alterations within the formed internal composite microstructure. As known from the literature, there is an alignment of wood particles within all composites [53, 54] . Through XµCT imaging and in agreement with recent publications, we observed a parallel alignment of wood particles close to the surface (in-plane images) and perpendicular to the compression direction. Given the phenomena of particle/fibre alignment throughout injection moulding [53, 54] , we expected an altered spatial material distribution scaling between used raw material source and applied process. This assumption is supported by a previous work on TMP fibres and a novel compounding process [44] . In addition to the alignment, the occurrence and spatial distribution of void spaces might contributed to a reduced vulnerability and increased performance of polypropylene composites [ [44] ; Table 4 therein]. It is also possible that due to the partial-volume effect and a spatial resolution of 5 µm, smaller void structures were not detected. In terms of tomographic image analysis, we also observed a small amount of highly absorbing particulates within the composites based on RCP material. These particles are likely glue residues, penetrated the wood particles. However, other factors as coupling agent and particle/fibre agglomerations have to be considered. MAPP improves adhesion as the maleic moieties form bonds with the hydroxyl groups of the wood component [55] , whereby the scarcity of noticed aggregates within the microstructure is in contrast to the improved mechanical properties after reprocessing. As indicated by Bledzki and Gassan [56] , the tendency of wood to form aggregates, by means of a high intermolecular bonding among particles/fibres, is an important factor in processing wood-thermoplastic composites. According to them, the dispersion of particles in the polymer matrix is small and, therefore, the reinforcing ability of the particle is limited. For the extracted particles, however, we observed vast differences between VWP and RWP composites, respectively. However, we did not observe a difference within the XµCT images. Therefore, we hypothesise that the observed and analysed particles are already remarkably effected by shear stress and subsequently fractured by reprocessing. In other words, such fractures of wood particle bundles could not certainly be detected with imaging methods like XµCT. This needs to be noted because the internal composite structure is often only based on visual and qualitative assessment. Although, efforts have been made to develop quantification approaches and suitable tools for evaluating the material composition (e.g., [57] [58] [59] [60] ). Nonetheless, visual assessment is simple and rapid and often sufficient. It is however important to evaluate the spatial distribution of particles according to a scale indicating measurable units to keep the visual assessment as objective as possible. As our results illustrate, evaluations of particle structures should include evaluation of additional characteristics for example mean volume percentage and particle length. This can be challenging to objectively evaluate visually. Thus, supplementing visual assessment with threshold-based evaluations can be nonetheless valuable in order to obtain a better understanding of the structural characteristics. Thus, the microstructure of the wood-polymer network were visualized and separated phases (polymer, wood and, void space) were identified. Apart from quantification, the largest 10% of wood particle/fibres were highlighted within an isolated 3D volume to illustrate both the differences in particle size and morphology and the clusters within the wood-particle 3D network. In this case, thresholding and separation of especially small structures is challenging and, thereof, difficult to resolve features within a submicron range. Due to the mixed grey values of small particles and polypropylene, only larger particles or larger fibre bundles were easily distinguishable. In addition, we assumed that in some regions the depict layers of polypropylene were thinner than the achieved spatial resolution (5 µm). In this case, the polypropylene matrix was measured together with the wood particles. Hence, a detection of an interfacial failure within the polymer matrix could not be realized. Besides the obvious wood particles, small air pores/voids are displayed in the inner core layer of all composites. A direct association to the particle mixtures was not yet evident. A reduction of micro-sized voids were detected within the RCP composites and the WPC (MDF) in particular. Here, the tendency of less void space within the internal composite structure was also suggested by the slightly increased density value of the RCP composites. However, void space and its spatial distribution is not supposed to be totally prevented due to the given hydrophilic nature and hierarchical structure of the wood tissue, flow behaviour and relaxation of the polymer, methodical approach and settings of the process. For most of the composites, void space were obtained both in the core layers surrounded by polymer and within larger particle/fibre bundles. The latter was primarily observed for the WPC(B) and R-WPC(B). The average void were 20 µm in size.
Physico-Mechanical Properties
The mechanical properties were remarkably different, although, all raw material sources were affected by the same processing parameters, such as pre-milling, compounding and specimen consolidation. We suggest that both the altered particle characteristics and changed chemical interactions resulted in the observed different mechanical properties. Most of the obtained mechanical values accord with previous studies on lignocellulose reinforced WPC [42, 61, 62] . Apart from this, tensile and flexural strength properties of RCP composites and, particularly of WPC (MDF) were superior to other composites containing similar fibre contents. In this regard, a similar composition is important as the mechanical strength properties depend on various parameters. Thus, wood particle/fibre content is one of the main contributing factors on strength and elasticity [38, 40] . In accordance to wood particle/fibre content, composite density is often ascribed as an important factor [2, 40] . In this study, however, no remarkable differences between the composites were observed. Thus, strength properties have to be affected by other factors such as, increasing aspect ratio, fibre alignment and increased fibre-matrix interaction [63] . A high aspect ratio of MDF fibres before and after processing was observed and is supposed to notably contribute to the enhanced strength properties. We hypothesise that the retained fibre characteristics in combination with the fibre alignment resulted in the observed property increase. Fibre alignment has been stated to significantly affect the physico-mechanical properties of natural fibre-reinforced polypropylene composites [53, 64, 65] . A strong interphase between the wood-polypropylene matrix can only be suggested. Studies on polypropylene-glass fibre composites with varied MAPP concentrations have shown that transcrystalline layers can improve mechanical properties [55] . Nevertheless, further opposing effects like a sufficient dispersion of wood particles/fibres seems to be crucial to the performance of composites.
Recycled Thermoset Composite Materials
Solid wood sources are mostly free of contaminations while recycled materials from the production of derived wooden composites often contain additional components (e.g., adhesives, resins, coatings, abrasives particles), which possibly impact subsequent treatments or process adaptions before the introduction to WPC production [66] . Recycling residues from MDF production might also contain a high number of fine particles, whereas particle/surface area is increased, and more polymer is expected to bond the particles/fibres [54] . Concerning the increased mechanical properties of the composites based thermoset materials, we hypothesize that the retained particle/fibre length, which we observed here for the recycled MDF material, was the dominating effect for the reinforcement of the manufactured composites. Additionally, the thermoset resin residues are suggested to beneficially affect mechanical properties. Contributing to the latter, Slama [67] investigated sawn MDF residues containing cured urea-formaldehyde resin applied to reinforce polyethylene, which resulted in WPC with a higher hydrophobicity and dimensional stability than the control specimens made from virgin MDF fibres from the same producer. Migneault et al. [24] showed that the resin residues had beneficial effects on mechanical properties. In deviation from the results, the authors found in their study that the shorter fibre length of the residue material adversely affected mechanical properties [24] . Nevertheless, the statement of Migneault et al. [24] is difficult to compare, as alike many studies, only initial fibre length and, thereof much higher length and aspect ratio values were evaluated [16, 68] . In comparison with studies considering the process induced particle changes, Mertens and Bütün [16, 43] showed values for virgin and extracted fibres via Soxhlet extraction in hot xylene from wood fibre/polypropylene composites based on 60 w%. These values ranged between 1825 µm to 62 µm and 33.3 to 3.0 in mean length and aspect ratio for virgin and extracted fibres, respectively [43] . Compared to the composites based either on TMP (50 MPa) or recovered TMP fibres (49.0 MPa), tensile strength of WPC (MDF) (59.2 MPa) was remarkably increased [16, 43] . Mertens et al. [43] recently discussed that a small amount of retentive fibres could be enough to reinforce the composite.
According to the strength values, this assumption seems to be valid as the adhesion is suggested to the remaining residues adhered to the particles/fibres. Surprisingly, the WPC (PB) based on beech and spruce particles with 60 and 40 weight per cent showed such improved performance. Deviating thereof, Grozdecki et al. [15] found no significant increase in strength values for wood-polypropylene composites based either on virgin softwood or industrial particleboard material. The influence on stiffness can be attributed to the type and morphology of particles. Hence, with the increase of beech or compressed beech fibre content the elasticity was also increased. Concerning impact bending strength, the RCP composites, namely WPC (MDF) and WPC (PB), revealed the highest values with 20.1 kJ m −2 and 15.1 kJ m −2 , respectively. For the VWP composites, WPC (B) and WPC (S) revealed the lowest impact bending strength values with 6.5 kJ m −2 and 6.7 kJ m −2 , respectively. The reprocessing of VWC brought a remarkable increase in impact bending values. Generally, impact strength indicates the ability of the composite to achieve a rapid transfer of stress into the bulk material. The avoiding of stress peaks can be attributed to stronger interfaces, as suggested above. Hence, compared to the VWP and RWP composites, RCPs revealed notably higher impact values. Compared to recent studies, the properties of the WPC (MDF) composites showed promisingly impact values [14, 42] .
Reprocessing of WPC
Even so that reprocessing or recyclability of WPC is still a minor subject in research [21] , hitherto, several studies revealed that the issues has gained more interest in terms of scarcity of resources, mechanical and thermal degradation and particle degradation within lignocellulosic particle/fibre composites [32, 33, [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] . Repeated reprocessing usually results in reduced mechanical properties [32, 70, 71] , several studies revealed initially increased mechanical properties after reprocessing wood/polypropylene composites [32, 34, 76, 79] . For correlations between specific mechanical energy (SME) and particle degradation, the SME represents a direct measure for the energy imposed on the material [30] . Extruded wood flour polymer composites have revealed reduced flexural properties and minor changes in impact bending strength in polyvinyl chloride [33] but moderately steady tensile strength properties in polypropylene [34, 76] . These findings accord with our results showing an initially increase in strength and stiffness after one reprocessing cycle ( Table 4 ). The significant increase in impact bending strength is illustrated in Figure 2 , where the RWP composites had and maintained, a remarkable advantage over the VWP composites. Increased mechanical values are generally attributed to improve interfacial bonding and enhanced dispersion of particles/fibres [69] . No obvious differences in particle dispersion were observed between VWP and RWP composites through XµCT. Regarding the increase in mechanical properties after one cycle, Dickson et al. [34] , showed that decreasing properties can be expected for wood-polypropylene composites for more reprocessing cycles. A reduction in strength and elasticity values is stated upon more than two reprocessing cycles and attributed to incurred fibre damage [31, 34, 69] . The authors also revealed that compared to glass fibre composites, wood-polypropylene composites and, particularly MDF-polypropylene composites, may offer remarkable property retention up to several cycles of reprocessing [34] .
Effect of Wood Species
The differences in mechanical properties of the WPC based on VWPs are likely affected by the wood particle source and the heterogenic and complex wood structure. As mentioned in several studies, the wood structure is featured by significant differences in mechanical properties, regarding the wood species and micro-and macroscopic structure [80, 81] . The XµCT images displayed the anatomical structures of hardwoods, like the presence of vessels and tracheids as the principal element of softwoods [82] . Softening of lignin can influence the effect of temperature and moisture on the mechanical behaviour of wood [83] , however, no higher compression of spruce particles were observed, resulting from an increased lignin content. Overall, besides the effect on composite structure and properties, open issues are still the effects of tree growth and harvesting conditions on composite properties [42] .
Conclusions
The study has shown the feasible reuse of different material sources (virgin wood particles (VWPs), reprocessed WPC particles (RWPs), recycled thermoset composite particles (RCPs)) for manufacturing wood-polypropylene composites. Mechanical properties increased for WPC based on reprocessed or recycled materials. Apart from previous studies, the variation in composite properties could not be explained by density alone. Increasing aspect ratio of wood particles is suggested to have beneficial effects on all measured mechanical properties. Our observations are in agreement with previous studies that have examined particle length reduction or improvements in physico-mechanical properties due to reprocessing. Through X-ray micro-computed tomography (XµCT), the micro-structure of the wood-polymer network were visualized and separated phases (polymer, wood and void space) were identified. Regarding particle length measurements, DIA analysis and XµCT imaging revealed similar length values, except the notable differences for the reprocessed WPC. We suppose that the differences were attributed to factures and degradation of particles which were not evident through the depicted internal structure. In terms of the analysis of tomographic data, thresholding and separation of small structures is still challenging and it is difficult to resolve features sufficiently on a submicron range.
For further investigations, the following issues have to be considered to verify composite performance.
• Specific examination of the interfacial particle-matrix effect and particle surface interactions, that is, adherence of thermoset residues on stress transfer and water interaction.
•
The scaling relationship of XµCT data and models to estimate quantitatively the dispersion of wood material sources.
Effect of specific mechanical energy (SME) and process conditions on particle characteristics and the upscaling of the process to an industrial level.
In conclusion, WPC with beneficial mechanical performance can be produced using either RWP or RCP material sources as main input raw material. We believe that such approaches are necessary to encourage advanced recycling rates in the future. XµCT imaging has proven to be a valuable tool for examining the microstructure of wood-polymer networks. Imaging offers long-term perspectives to understand and develop composites with both a cascading material utilization and enhanced performance.
